Introduction
============

Myxoid tumours of soft tissue comprise a heterogeneous group of mesenchymal tumours characterized by abundant extracellular matrix (ECM). In this group, intramuscular myxoma and myxofibrosarcoma are most frequent, usually occurring in the extremities and at older age \[[@b1]\]. Histologically, intramuscular myxoma, and in particular its cellular variant (*i.e.* cellular myxoma), and grade I myxofibrosarcoma show considerable overlapping features \[[@b2]\]. Clinically, they differ as intramuscular myxoma shows no recurrence except for the cellular variant and never metastasizes. This is in contrast to myxofibrosarcoma that has a tendency to recur and, importantly, shows increase in tumour grade upon recurrence, thereby gaining metastatic potential \[[@b3]\]. Thus, the differential diagnosis between these two entities is important though can be challenging especially when presenting as an intramuscular tumour. Myxofibrosarcoma is usually characterized by complex, non-specific karyotypic aberrations. (Cyto)genetic data on intramuscular myxoma are sparse with only two cases described in the literature showing normal karyotypes \[[@b4], [@b5]\]. Recently, activating mutations in codon 201 of the *GNAS1* gene have been described in intramuscular myxoma \[[@b6]\]. This gene encodes, among others, for the alpha-sub-unit of the heterotrimeric G-protein. This protein is involved in cell signalling and leads to the transcription of the protein c-Fos and subsequently activation of the cell cycle. Activating *GNAS1* mutations and the subsequent activation of c-Fos are involved in the pathogenesis of fibrous dysplasia, which is a benign bone tumour associated with intramuscular myxoma in Mazabraud syndrome \[[@b7]\]. Activating mutations in codon 12/13 of *KRAS* also lead to downstream activation of c-Fos. *KRAS*-activating mutations have been described in both mouse and human sarcomas. Kirsch *et al.* showed that *KRAS* and *TP53* mutations were sufficient to initiate high-grade sarcomas with myofibroblastic features in mice \[[@b8]\]. *TP53* mutations are relatively common in sarcomas with non-specific genetic aberrations compared with sarcomas with reciprocal specific translocations \[[@b9]\]. Previous studies showed immunohistochemical p53 expression in 33% of myxofibrosarcoma, mainly occurring in grade II and grade III tumours \[[@b10]\]. We studied the genetic make-up of these tumours at levels of karyotype, *GNAS1*, *TP53* and *KRAS* mutations and downstream expression of c-Fos in order to find a potential tool for differential diagnosis and to get more insight into the biology of these tumours. The constitution and function of their so-called myxoid ECM are poorly understood. Previously, we demonstrated that intramuscular myxoma and grade I myxofibrosarcoma showed no significant differences in the glycosaminoglycans present in their ECM \[[@b11]\]. To study the differences in ECM organization and association with clinical behaviour, we screened ECM lysates of intramuscular myxoma and grade I myxofibrosarcoma in a broad liquid chromatography mass spectrometry (LC-MS)--based survey.

Materials and methods
=====================

Patient data
------------

The study included 10 intramuscular myxoma cases and 10 grade I myxofibrosarcoma cases that were collected retrospectively from the files of the Pathology Departments of the University Hospitals of Leuven and Leiden University Medical Center. In each case, 4-mm-thick sections of formalin-fixed, paraffin-embedded material were stained with haematoxylin and eosin (H&E). The histological diagnoses were revised (CDMF, PCWH, RS) and classified according to the 2002 WHO criteria. In case of myxofibrosarcoma, histological grading was performed according to the FNCLCC \[[@b12], [@b13]\]. Patient and tumour characteristics are shown in [Table 1](#tbl1){ref-type="table"}. Characteristic morphology of intramuscular myxoma, cellular myxoma and grade I myxofibrosarcoma is depicted in [Fig. 1](#fig01){ref-type="fig"}.

###### 

Patient and tumour characteristics

  Case   Diagnosis                             P/R/M   Age   Gender   Site                            Follow-up
  ------ ------------------------------------- ------- ----- -------- ------------------------------- ------------------
  1      IM                                    P       55    F        Left vastus lateralis muscle    NSR at 37 months
  2      IM                                    P       32    M        Retroperitoneal right           NSR at 94 months
  3      IM                                    P       48    F        Adductor muscles right leg      NSR at 34 months
  4      IM[\*](#tf1-2){ref-type="table-fn"}   P       73    F        Subcutaneous tight upper arm    NSR at 17 months
  5      IM[\*](#tf1-2){ref-type="table-fn"}   P       59    F        Right lateral upper leg         NSR at 31 months
  6      IM[\*](#tf1-2){ref-type="table-fn"}   P       53    F        Right psoas muscle              NSR at 62 months
  7      IM[\*](#tf1-2){ref-type="table-fn"}   P       53    F        Right hamstring muscle          NSR at 69 months
  8      IM[\*](#tf1-2){ref-type="table-fn"}   P       59    F        Left vastus lateralis muscle    NSR at 39 months
  9      IM[\*](#tf1-2){ref-type="table-fn"}   P       61    M        Right upper leg                 NSR at 41 months
  10     IM[\*](#tf1-2){ref-type="table-fn"}   P       62    M        Left vastus medialis muscle     NSR at 68 months
  11     MFS                                   P       55    M        Right vastus lateralis muscle   NSR at 66 months
  12     MFS                                   P       74    M        Left lower arm                  LR at 14 months
  13     MFS                                   P       71    M        Left lower arm                  LR at 36 months
  14     MFS                                   P       63    F        Right hamstring muscles         NSR at 41 months
  15     MFS                                   R       84    M        Subcutaneous left lower arm     LR at 12 months
  16     MFS                                   P       87    M        Right upper arm                 NSR at 18 months
  17     MFS                                   P       49    F        Left gluteus muscle             LR at 2 months
  18     MFS                                   P       81    M        Right upper arm                 NSR at 60 months
  18     MFS                                   P       61    M        Right gracilis muscle           LR at 42 months
  20     MFS                                   P       39    F        Subcutaneous occiput            NSR at 25 months

These were all cellular myxomas.

Abbreviations: IM, intramuscular myxoma; MFS, myxofibrosarcoma; P, primary lesion; R, local recurrence; M, metastasis, NSR, no sign of recurrence; LR, local recurrence. Intramuscular myxoma showed a female predominance and myxofibrosarcoma a slight male predominance. The median age of occurrence was 56 years for intramuscular myxoma and 66 years for myxofibrosarcoma. All cases were primaries except for case 15, which was a local recurrence. Except for case 2 and 20, all lesions occurred at the extremities. Out of the intramuscular myxomas, eight were truly intramuscular, whereas single cases were identified at other sites (case 2 and 4). None of the lesions were situated near articular surfaces. Clinical, radiological and histological follow-up (17--94 months) showed no local recurrence for intramuscular myxoma but did in half of the cases of myxofibrosarcoma. No patients had any clinical evidence for endocrinopathy or café-au-lait spots. One patient (case 1) suffered monostotic fibrous dysplasia of the distal femoral bone, diagnosed by conventional radiological examination and MRI, and was therefore suspected for Mazabraud or a partial form of McCune--Albright syndrome.

![Overlapping histology of intramuscular myxoma, cellular myxoma and grade I myxofibrosarcoma and their immunohistochemical expression for c-Fos, decorin, collagen I, collagen VI and CD44. (A) Low-power view of intramuscular myxoma showing a hypocellular and hypovascular tumour. Its cellular variant is both more cellular and more vascular (B) but lacks the cytonuclear atypia and characteristic curvilinear vascular pattern of grade I myxofibrosarcoma (C). Low-power view of intramuscular myxoma (D) showing moderate cytoplasmic and nuclear expression for c-Fos in the majority (\> 75%) of tumour cells. (E) Low-power view of intramuscular myxoma was completely negative for decorin, whereas grade I myxofibrosarcoma showed diffuse fibrillary staining for decorin in the ECM (F). Lack of collagen I expression in the ECM of intramuscular myxoma (G) and moderate staining for collagen VI in the ECM of grade I myxofibrosarcoma (H). A majority of tumour cells of grade I myxofibrosarcoma showed strong membranous staining for CD44 in the majority of tumour cells (I).](jcmm0013-1291-f1){#fig01}

Karyotyping
-----------

Cells were harvested and 48-colour fluorescence *in situ* hybridization (FISH) staining was carried out, which stains every chromosome arm in a different colour combination. This was followed by digital imaging and analysis as previously described \[[@b5], [@b14]\]. Hybridizations with individual libraries labelled with single fluorochromes were used to confirm the detected re-arrangements. Break-points were assigned by using inverted DAPI counterstained images of the chromosomes.

GNAS1 direct sequencing
-----------------------

GNAS1 mutation analysis was performed for codon 201 (exon 8) and codon 227 (exon 9) using oligonucleotide primers extended with an M13-forward or reverse sequence (see supplementary Table 1). Tumour tissue was isolated from formalin-fixed, paraffin-embedded material (FFPE) by microdissection to enrich for tumour cells and avoid 'contamination' of non-neoplastic cells, that is, lymphocytes, endothelial cells/pericytes or muscular tissue at the periphery of the tumour. Genomic DNA was isolated from 10 consecutive 10-mm sections using a Chelex extraction method, as described earlier \[[@b15]\]. Polymerase chain reaction (PCR) was carried out to amplify the *GNAS1* gene with the primers for exon 8 and exon 9, as previously reported \[[@b16]\]. PCR products were visualized and sequenced as previously described \[[@b17], [@b18]\].

*GNAS1* multiplex ligation-dependent probe amplification (MLPA)
---------------------------------------------------------------

To detect mutations that are missed by direct sequencing due to contamination with normal cells, we set up *GNAS1* MLPA for the mutations already detected by direct sequencing. MLPA was performed using the following oligonucleotide probes attached to M13-tail, depicted in supplementary Table 3. For the R201C mutant, probes with additional stuffer sequence were added: forward: 5′-CAGAC-3′ and reverse 5′-GATGTGCT-3′. MLPA was performed as previously described \[[@b19]\]. In short, adjacently annealing oligonucleotide probes were hybridized and ligated. After ligation, the common ends of the probes served as a template for PCR amplification using the primer pairs that are depicted in supplementary Table 3, with one of each pair fluorescently labelled. Products were separated on the ABI 3700 genetic analyser (Applied Biosystems, Foster City, CA) and analyzed.

*KRAS* mutation analysis
------------------------

*KRAS* mutation analysis was performed on microdissected FFPE tumour tissue using two primer sets in a nested PCR which specifically amplifies a 114 bp fragment of *KRAS* exon 2, including codons 12 and 13 (supplementary Table 1). All primer sequences and amplification protocols have been previously described \[[@b20]\]. PCR products were purified with the QIAquick PCR Purification Kit (Qiagen, Germantown, MD) and sequenced with the fluorescent Big-Dyes Terminators Sequencing Kit (Applied Biosystems).

*TP53* mutation analysis
------------------------

*TP53* hotspot mutation analysis was performed on microdissected FFPE tumour tissue using primer sets for exons 4a, 4b, 5c, 6, 7 and 8 in a nested PCR (supplementary Table 2). Samples were used in high-resolution melting curve analysis as previously described \[[@b46]\]. PCR products were purified with the QIAquick PCR Purification Kit (Qiagen) and sequenced with the fluorescent Big-Dyes Terminators Sequencing Kit (Applied Biosystems).

SDS-PAGE, in-gel tryptic digestion and mass spectrometry
--------------------------------------------------------

Tumour lysates of intramuscular myxoma and grade I myxofibrosarcoma were prepared and depleted of albumin and IgG as previously described \[[@b11]\]. From each sample, 150 μg was separated by SDS-PAGE and stained with Colloidal Coomassie (Invitrogen, Leek, The Netherlands). The complete lanes from both intramuscular myxoma and grade I myxofibrosar-coma were cut into approximately 30 protein bands, and these samples were subsequently reduced, alkylated and in-gel digested using trypsin as described previously \[[@b21]\]. Peptides were subsequently collected using two rounds of extraction with 20 μl of 0.1% trifluoroacetic acid and were stored at −20°C prior to analysis by mass spectrometry. Samples were injected onto a nano-LC system (Ultimate, Dionex, Amsterdam, the Netherlands) equipped with a peptide trap column (Pepmap 100, 0.3 i.d. μ1 mm) and an analytical column (Pepmap 100, 0.075 i.d. 150 mm, Dionex). The mobile phases consisted of (A) 0.04% formic acid/0.4% acetonitrile and (B) 0.04% formic acid/90% acetonitrile. A 45-min. linear gradient from 0% to 60% B was applied at a flow rate of 0.2 ml/min. The outlet of the LC system was coupled to an HCT Ultra ion-trap mass spectrometer (Bruker Daltonics, Bremen, Germany) using a nano-electrospray ionization source. The spray voltage was set at 1.2 kV, and the temperature of the heated capillary was set to 165 °C. Eluting peptides were analyzed in the data-dependent MS/MS mode over a 400--1600 *m*/*z* range. The five most abundant fragments in each MS spectrum were selected for MS/MS analysis by collision-induced dissociation. Mass spectra were evaluated using the DataAnalysis 3.1 software package (Bruker Daltonics) and exported as a Mascot Generic File (MGF). MGF files were merged using the OMSSA Browser version 2.1.0. and searched against the human International Protein Index (IPI) database using the Mascot search algorithm (version 2.2, Matrixscience, London, UK), allowing mass tolerances of 0.5 Da for MS (\#^13^C = 1) and 0.75 Da for MS/MS. One missed cleavage site was allowed for tryptic peptides.

Carbamidomethylcysteine was taken as a fixed modification and oxidation of methionine as a variable modification.

qPCR for mRNA expression
------------------------

Following microdissection, RNA isolation and purification, qPCR was performed for c-Fos, decorin, collagen I alpha 1, collagen VI alpha 1, collagen XII alpha 1 and collagen XIV alpha 1, as described previously \[[@b11], [@b22], [@b23]\]. Primers (including those of the housekeeping genes) and controls are summarized in supplementary Table 1. A reference control panel, including a variety of neoplastic and non-neoplastic tissue was used as described previously \[[@b24]\]. After qPCR, the products were purified using QIAquick PCR Purification Kit (Qiagen). For sequence confirmation of the products, we used the Big Dyes Terminators Sequencing Kit (Applied Biosystems).

Immunohistochemistry
--------------------

Immunohistochemistry was performed for c-Fos, decorin, collagen I-A1, collagen VI-A1 and CD44. Sections (4-μm-thick) were mounted on 3-aminopropylethoxysilane (Sigma, St. Louis, MO) and glutaraldehyde-coated slides and dried overnight at 37°C. Immunohistochemistry was performed as previously described, using the antibodies, conditions and controls described in supplementary Table 4 \[[@b11], [@b25]\]. For c-Fos and CD44, only nuclear and membranous staining were assessed, respectively, and scored as previously described \[[@b26]\]. For decorin, collagen I-A1 and collagen VI-A1, the ECM of whole sections were assessed. Scores of 0 (absent) and 1 (weak) were considered negative; scores of 2 (moderate) and 3 (strong) were considered positive.

Statistical analysis
--------------------

Wilcoxon--Mann--Whitney test was used to calculate the differences for both the immunohistochemical and qPCR results.

Results
=======

Karyotyping
-----------

Karyotypes were available for seven intramuscular myxomas (five cases were of the cellular variant) and six grade I myxofibrosarcomas. The karyotypes of the intramuscular myxomas (both typical and cellular cases) were all normal. Out of the grade I myxofibrosarcoma cases, only one case showed a normal karyotype, whereas five out of six cases showed variable, non-specific cytogenetic aberrations ([Table 2](#tbl2){ref-type="table"}).

###### 

Cytogenetic findings and *GNAS1*, *KRAS* and *TP53* mutation analysis in intramuscular myxoma and grade I myxofibrosarcoma

  Case   Diagnosis                            Karyotype                                                                                                                                                                  Mutation analysis             
  ------ ------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------- ---- ---- ----
  1      IM                                   NA                                                                                                                                                                         R201S               wt   wt   wt
  2      IM                                   46, XY                                                                                                                                                                     wt                  wt   wt   wt
  3      IM                                   46, XX                                                                                                                                                                     wt                  wt   wt   wt
  4      IM[a](#tf1-1){ref-type="table-fn"}   46, XX                                                                                                                                                                     wt                  wt   wt   wt
  5      IM[a](#tf1-1){ref-type="table-fn"}   NA                                                                                                                                                                         R201H               wt   wt   wt
  6      IM[a](#tf1-1){ref-type="table-fn"}   NA                                                                                                                                                                         wt                  wt   wt   wt
  7      IM[a](#tf1-1){ref-type="table-fn"}   46, XY                                                                                                                                                                     wt                  wt   wt   wt
  8      IM[a](#tf1-1){ref-type="table-fn"}   46, XY                                                                                                                                                                     R201C               wt   wt   wt
  9      IM[a](#tf1-1){ref-type="table-fn"}   46, XY                                                                                                                                                                     R201C               wt   wt   wt
  10     IM[a](#tf1-1){ref-type="table-fn"}   46, XY                                                                                                                                                                     R201H               wt   wt   wt
  11     MFS                                  NA                                                                                                                                                                         wt                  wt   wt   wt
  12     MFS                                  NA 45, XX,-21/92,XXXX/92,XXXX[b](#tf1-2){ref-type="table-fn"}                                                                                                              wt                  wt   wt   wt
  13     MFS                                  46, XY balanced translocation t(9,12)                                                                                                                                      wt                  wt   wt   wt
  14     MFS                                  NA                                                                                                                                                                         wt                  wt   wt   wt
  15     MFS                                  46, XY                                                                                                                                                                     wt                  wt   wt   wt
  16     MFS                                  NA                                                                                                                                                                         wt                  wt   wt   wt
  17     MFS                                  43,Y,-X,-19,-20/45,X,-Y/46,XY,+dmin/47,XY,/X/46,XY,del(4)(q22)/90,XXY,-Y,12/91,XXYY,add(l)(p36),del(2)(q31),-10,add(14)(p11),-16,-+16Mx2[b](#tf1-2){ref-type="table-fn"}   wt                  wt   wt   wt
  18     MFS                                  82-l42,COMPLEX,1l-2M[b](#tf1-2){ref-type="table-fn"}                                                                                                                       wt                  wt   wt   wt
  19     MFS                                  NA                                                                                                                                                                         wt                  wt   wt   wt
  20     MFS                                  46,XY,del(l)(p2l-p3l?),r(3)(q),del(5)(q),-l3,del(l5)(ql3--26.3?)[b](#tf1-2){ref-type="table-fn"}                                                                           wt                  wt   wt   wt

*TP53* analysis was performed for exons 4a, 4b, 5c, 6, 7 and 8.

Karyotypes were previously published \[[@b5]\].

Abbreviation: NA, not available.

*GNAS1*, *KRAS* and *TP53* mutation analysis
--------------------------------------------

By direct sequencing, we found codon 201 activating *GNAS1* mutations in 50% of intramuscular myxoma cases (including its cellular variant), but none in grade I myxofibrosarcoma cases. All *GNAS1* mutations occurred in exon 8 with the base pair substitutions as shown in [Table 2](#tbl2){ref-type="table"}. *GNAS1* MLPA confirmed the mutations detected by direct sequencing. In theory, MLPA should be able to detect mutant alleles in a background of wild-type alleles. Here, we show that this technique picks up mutations if only 10% of the alleles is mutated, which is superior to direct sequencing (requiring at least 25% mutated alleles). *GNAS1* MLPA could not detect additional mutations. We did not observe any mutations in codon 12 or 13 of the *KRAS* gene in neither the intramuscular myxoma nor the grade I myxofibrosarcoma cases. Hotspot mutation analysis for *TP53* showed wild-type sequences in all samples ([Table 2](#tbl2){ref-type="table"}).

LC-MS
-----

The top 30 proteins identified in a proteomic screen of tumour lysates of grade I myxofibrosarcoma and intramuscular myxoma are shown in [Table 3](#tbl3){ref-type="table"}. Even after depletion, albumin was still the most prominent protein, and also other 'classical' serum proteins were among the most significant hits. We found five collagens (VI-A1, 2 and 3, XII-A1, XIV-A1) and five proteoglycans (lumican, PRG4, prolargin, decorin and biglycan) among the top 30 proteins in MFS. Only the collagen VI isoforms and lumican were identified in IM. Besides collagen VI isoforms and lumican, the other four collagens and four proteoglycans were not shown to be present in IM using mass spectrometry.

###### 

Proteins identified in MFS and IM

  IPI number     Protein name                             Protein score   Matched queries   Seq. coverage (%)   Identified in IM
  -------------- ---------------------------------------- --------------- ----------------- ------------------- ------------------
  IPI00745872    Serum albumin                            5315            231               40                  \+
  IPI00072917    COL6A3 α 3 type VI collagen isoform 3    4263            201               24                  \+
  IPI00022463    Serotransferrin                          4066            205               49                  \+
  IPI00553177    α-1-anti-trypsin                         3593            164               40                  \+
  IPI 00845263   Fibronectin 1                            2443            123               21                  \+
  IPI00007960    Periostin                                1230            62                37                  --
  IPI00291136    COL6A1 collagen α-1(VI)                  953             43                12                  \+
  IPI00465248    ENO1 isoform α-enolase of α-enolase      905             37                29                  \+
  IPI00020986    LUM lumican precursor                    827             52                33                  \+
  IPI 00418471   VIM vimentin                             803             42                31                  \+
  IPI00465028    Triosephosphate isomerase                645             26                47                  --
  IPI 00021440   Actin                                    547             35                32                  \+
  IPI00329801    Annexin A5                               543             44                47                  \+
  IPI 00656111   PRG4                                     436             30                12                  --
  IPI 00020987   Prolargin                                374             23                20                  --
  IPI00022429    ORM1 α-1-acid glycoprotein 1 precursor   374             27                34                  \+
  IPI00418169    Annexin A2                               352             24                40                  \+
  IPI00302944    COL12A1 isoform 4 of collagen α-1(XII)   348             17                5                   --
  IPI00304840    COL6A2 isoform 2C2 of collagen α-2(VI)   334             19                7                   \+
  IPI 00291262   CLU clusterin precursor                  304             13                20                  --
  IPI 00021841   APOA1 apolipoprotein A-I precursor       271             7                 21                  --
  IPI00176193    COL14A1 isoform 1 of collagen α-1(XIV)   264             12                9                   --
  IPI 00793199   Annexin IV                               257             10                30                  --
  IPI 00013808   α-actinin-4                              212             6                 5                   \+
  IPI 00012119   Decorin                                  194             23                25                  --
  IPI 00010790   Big lye an                               192             7                 11                  --
  IPI 00166729   α-2-glycoprotein 1                       192             6                 12                  \+
  IPI 00026314   Gelsolin                                 186             7                 9                   \+

Extracellular protein extracts from MFS and IM were depleted for albumin and IgG, separated by SDS-PAGE, in-gel digested with trypsin and analyzed by LC-MS. Shown are the top 30 proteins identified in MFS. Proteins that were also identified in IM are indicated with a + sign. Many forms of keratins and IgGs were also identified within the initial top 30 protein list, but for the sake of clarity, they have been removed.

qPCR for mRNA expression
------------------------

Results of relative mRNA expression are shown in [Table 4](#tbl4){ref-type="table"} and box-plots in [Fig. 2](#fig02){ref-type="fig"}. qPCR showed that c-Fos RNA was over-expressed in all tumours compared with control tissue, but not significantly differently expressed between intramuscular myxoma and grade I myxofibrosarcoma. No significant differences were seen between typical intramuscular myxoma and cellular myxoma. Grade I myxofibrosarcoma showed significant expression of decorin mRNA, whereas decorin mRNA was barely detectable in intramuscular myxoma. Grade I myxofibrosarcoma clearly showed significant over-expression of mRNA expression for collagens I-A1, VI-A1 and XIV-A1 compared with intramuscular myxoma (including cellular myxoma).

###### 

Log2-transformed relative expression data in qPCR

  Genes       IM (median ± S.D.)   Grade I MFS (median ± S.D.)   IM vs grade I MFS (*P*-value)
  ----------- -------------------- ----------------------------- -------------------------------
  *FOS*       4.06 ± 0.87          4.61 ± 0.89                   0.105
  *DCN*       −6.92 ± 1            2.81 ± 0.79                   0.001
  *COL1A1*    1.95 ± 1.84          6.71 ± 1.71                   0.003
  *COL6A1*    0.14 ± 0.22          2.37 ± 0.47                   0.023
  *COL12A1*   −0.85 ± 1.11         −0.22 ± 1.28                  0.09
  *COL14A1*   −0.29 ± 0.49         1.49 ± 0.59                   0.001

Abbreviations: FOS, FBJ murine osteosarcoma viral oncogene homolog; DCN, decorin; COL1A1, collagen, type I, α1; COL6A1, collagen VI, α1; COL12A1, collagen, type XII, α1; COL14A1, collagen, type XIV, α1.

![Box-plots showing qPCR results of structural ECM proteins. Abbreviations: IM, intramuscular myxoma; MFS, grade I myxofibrosar-coma. Intramuscular myx-oma showed significantly lower mRNA expression for decorin (*P*= 0.000), collagen I-A1 (*P*= 0.003), collagen VI-A1 (*P*= 0.023) and collagen XIV-A1 (*P*= 0.001).](jcmm0013-1291-f2){#fig02}

Immunohistochemistry
--------------------

The majority of intramuscular myxomas and grade I myxofibrosarcomas showed diffuse cytoplasmic and nuclear staining for c-Fos ([Table 5](#tbl5){ref-type="table"}). Both cytoplasmic and nuclear staining for c-Fos have been obtained in FFPE materials from other tumours \[[@b27]\]. However, the biological role of cytoplasmic c-Fos expression is not fully understood. And because c-Fos is a transcription factor that is active in the nucleus, we assessed only nuclear staining in scoring. Intramuscular myxoma and grade I myxofibrosarcoma did not show significantly different c-Fos expression (P = 0.648; [Table 5](#tbl5){ref-type="table"}). Decorin, collagen I-A1 and collagen VI-A1 were only present in the ECM. Strong positive staining for decorin was detected in all grade I myxofibrosarcomas but not in intramuscular myxoma, including its cellular variant (P = 0.0000). Collagen I-A1 expression was found to be equally present in the ECM of grade I myxofibrosarcoma and intramuscular myxoma (P = 1.000). Collagen VI-A1 expression was present in 40% of the ECM of intramuscular myxoma and all grade I myxofibrosarcoma (P = 0.004). Illustrations of collagen I-A1 and VI-A1 protein expression are shown in [Fig. 1](#fig01){ref-type="fig"}. Both grade I myxofibrosarcoma and intramuscular myxoma showed membranous and cytoplasmic staining for CD44 in the majority of cases, the latter most probably due to its production in the rough endoplasmic reticulum. As we were interested in the role of CD44 as a cell surface receptor for ECM molecules, only membranous staining was assessed in statistical analysis. Tumour cells of intramuscular myxoma and grade I myx-ofibrosarcoma showed no significantly different expression for CD44 (*P*= 0.0542; [Table 5](#tbl5){ref-type="table"}). Illustrations are shown in [Fig. 1](#fig01){ref-type="fig"}.

###### 

Results for immunohistochemical staining in intramuscular myxoma and grade I myxofibrosarcoma

                c-fos   dcn   col1a1   col6a1   cd44                             
  ------------- ------- ----- -------- -------- ------ ---- ------- ----- ------ ----
  IM            6/10    60    0/0      0        7/10   70   4/10    40    8/10   80
  Grade I MFS   7/10    70    10/10    100      7/10   70   10/10   100   9/10   90

Abbreviations: IM, intramuscular myxoma; MFS, myxofibrosarcoma; dcn, decorin; pos^\*^, number of positive tumours/total number of tumours that could be evaluated; pos\#, percentage of cases that were positive.

Discussion
==========

The cellular variant of intramuscular myxoma, also known as cellular myxoma, is the morphological intermediate between intramuscular myxoma and grade I myxofibrosarcoma. Compared with typical intramuscular myxoma, cellular myxoma is hypercellular, usually more vascular and shows increase in collagenous stroma. However, it lacks clear cytonuclear atypia and classical curvilinear blood vessels \[[@b2]\]. The risk of recurrence is rather low, which is sustained by the present data showing local recurrence in 50% of grade I myxofibrosarcoma but not in intramuscular myxoma. This includes the cases of the cellular variant, even after long-term follow-up, which is in accordance with the literature \[[@b2], [@b28]\]. It should be noted that not all cellular myxomas are truly intramuscular (see [Table 1](#tbl1){ref-type="table"}), which was already demonstrated by Van Roggen *et al.*\[[@b2]\]. In a previous study, we showed that myxofibrosarcoma is characterized by complex, non-specific cytogenetic aberrations probably reflecting genomic instability \[[@b5]\]. Chromosomal instability is often an early event in tumourigenesis, and there is a significant correlation between chromosomal instability phenotype and poor biological behaviour \[[@b29]\]. This is sustained by our data showing karyotypic aberrations only in myxofibrosarcoma but not in intramuscular myxoma. *TP53* is an important mitotic checkpoint regulator, and p53 deficiency plays an important role in chromosomal instability and ploidy control \[[@b29]\]. Mutations in *TP53* resulting in dysfunctional p53 occur mostly (93%) in exons 4--8, which are therefore called hotspot mutations \[[@b30]\]. We did not detect any *TP53* hotspot mutations in intramuscular myxoma or in grade I myxofibrosarcoma. This means that *TP53* mutations might not be involved in the tumourigenesis of either tumour. Otherwise, it might support the notion that structural loss of p53 is not always the cause of aneuploidy and that loss of p53 might represent a late event in tumourigenesis of myxofibrosarcoma, whereas aneuploidy occurs early \[[@b31]\]. This was sustained by previous data that p53 immunohistochemical staining was predominantly found in myxofibrosarcoma of grade II and III \[[@b10]\]. Cytogenetic data on intramuscular myxoma are sparse in the literature, with only two isolated cases described showing normal karyotypes \[[@b4], [@b32]\]. The present study confirms in a larger series that intramuscular myxoma has a normal karyotype. Cytogenetics might therefore be helpful in the differential diagnosis but are not always easily available in routine laboratories.

Okamoto *et al.* showed *GNAS1*-activating mutations in a small series of intramuscular myxoma \[[@b6]\]. We showed that *GNAS1* codon 201 mutations were present in 50% of intramuscular myxoma and not in grade I myxofibrosarcoma. All mutations were heterozygous. Direct sequencing of codon 201 *GNAS1* mutations is therefore a highly specific, not very sensitive but easy to perform method to distinguish intramuscular myxoma from grade I myxofibrosarcoma. Interestingly, here we report for the first time the R201S mutation in intramuscular myxoma. We could not detect any mutation in codon 227 (exon 9) of the *GNAS1* gene, previously detected in fibrous dysplasia \[[@b33]\]. The *GNAS1* gene encodes for the alpha sub-unit of the G-protein. Somatic-activating mutations in codon 201 and 227 of the *GNAS1* gene have been described in fibrous dysplasia and the related Mazabraud and McCune Albright syndromes, leading to increased levels of cAMP and activation of protein kinase A and the MAPK pathway \[[@b7], [@b33]--[@b35]\]. This leads to increased transcription of the c-Fos protein, which is involved in growth and the inhibition of apoptosis \[[@b36]\]. We showed both RNA and protein over-expression for c-Fos in each of the tumour samples of intramuscular myxoma and grade I myxofibrosarcoma, suggesting that the MAPK signalling pathway is activated in these tumours. We did not detect *GNAS1*-activating mutations in myxofibrosarcoma nor did we detect codon 201 or 227 activating mutations in the other 50% of the intramuscular myxoma cases. As both are hypocellular tumours, we hypothesized that wild-type DNA of blood vessels and lymphocytes might interfere with the detection of this heterozygous mutation. Neither enrichment for mutated DNA by microdissection nor the use of more sensitive method to detect the mutations (MLPA) with a detection threshold of only 10% could increase the number of mutations found. Therefore, we believe that activation of the MAPK pathway in the tumours with no detectable mutations is caused by a different mechanism than *GNAS1*-activating mutations, possibly downstream of the G-protein. *In vivo* studies on mice showed that *KRAS*-activating mutations play an important role in sarcomagenesis \[[@b8]\]. In general, about 30% of solid tumours show activating mutations in codon 12 and 13 of the *KRAS* gene causing activation of the MAPK pathway and increased transcription of c-Fos \[[@b37], [@b38]\]. Moreover, *KRAS* mutations have been associated with chromosomal instability suggesting a potential role of *KRAS* in the tumourigenesis of grade I myxofibrosarcoma \[[@b39]\]. However, we could not detect any activating mutations in codon 12 and 13 of the *KRAS* gene in intramuscular myxoma nor grade I myxofibrosarcoma.

Intramuscular myxoma (including its cellular variant) and grade I myxofibrosarcoma are both characterized by their abundant so-called myxoid ECM. We have shown recently that glycosaminoglycans (*e.g.* hyaluronic acid) are major polysaccharides in the myxoid ECM of intramuscular myxoma and myxofibrosarcoma \[[@b11]\]. Based on the present, more detailed LC-MS--based survey, we showed that decorin, collagen VI-A1 and XIV-A1 were significantly over-expressed in the ECM of grade I myxofibrosarcoma compared with that of intramuscular myxoma. Decorin is a small leucine-rich proteoglycan (SLRP) in the ECM that 'decorates' collagens by interaction with their 'd' and 'e' bands. Decorin links these collagens (especially collagens I, VI and XIV) and plays an important role in fibrillogenesis and ECM formation. Decreased and impaired expression of decorin leads to abnormal ECM formation as in Ehlers--Danlos syndrome \[[@b40], [@b41]\]. Next to decorin, LC-MS revealed other SLRPs (*i.e.* lumican, PRG4, prolargin, biglycan) present in tumour lysates of grade I myxofibrosarcoma but not of intramuscular myxoma. Collagens XII and XIV are fibril-associated collagens with triple helices (FACIT) and modify the interactions between collagen I fibrils and the surrounding ECM \[[@b42]\]. Increased ECM rigidity activates integrins to promote focal adhesion families, leading to stimulation of the rho/Rock pathway and increased cell contractility, cell migration and invasion \[[@b43]\]. Intramuscular myxoma was found to express significantly less decorin and collagen VI and XIV (both protein and mRNA level) than grade I myxofibrosarcoma, suggesting that ECM formation in intramuscular myxoma is impaired compared with grade I myxofibrosarcoma. Validation of these immunohistochemical results in an independent series of both entities would be interesting though is hampered by the availability of well-characterized frozen material. Cell surface receptors facilitate the assembly and retention of the ECM and link changes in the ECM to activation of signal transduction pathways \[[@b44]\]. CD44 glycoprotein is a well-characterized cell adhesion molecule that is ubiquitously expressed on tumour cells of intramuscular myxoma and grade I myxofibrosarcoma. Its principal ligand is hyaluronic acid which was, however, not expressed significantly differently in intramuscular myxoma compared with grade I myxofibrosarcoma \[[@b11]\]. CD44 is also an important cell surface receptor for collagen I and XIV, suggesting that ECM-cell signalling *via* CD44 might play a role in these myxoid tumours of soft tissue \[[@b45]\]. Although grade I myxofibrosarcoma showed significantly higher mRNA expression for collagen I and XIV, this was not obvious at the protein level for collagen I. Whether differences in (the assembly of) the ECM of myxoid tumours of soft tissue effectively affect cell signalling and subsequent tumour growth and progression is still unknown. The evidence in our studies to support this theory is indirect and our results cannot exclude that the content and organization of the myxoid ECM might be just an epiphenomenon, driven by the initiating genetic event(s) or by the precise lineage or sub-type of the cell that is transformed. Based on our results, we suggest that molecular and cytogenetic aberrations as well as proper ECM organization might explain the different biology of these tumours.
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**Table S1** Primer sequences for qPCR and direct sequencing Abbreviations: FOS, FBJ murine osteosarcoma viral oncogene homolog; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TBP, TATA box binding protein; GNAS1, GNAS complex locus; DCN, decorin; COL1A1, collagen type I 1; COL6A1, collagen VI 1; COL12A1, collagen type XII, 1; COL14A1, collagen type XIV, 1. \* including additional M13 tail.

**Table S2** Primers used for TP53 hotspot mutation analysis

Table S3 Primers and probes used for MLPA Abbreviation: GNAS1, GNAS complex locus.

**Table S4** Details of the antibodies used and the immunohistochemical protocols applied
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